Purpose of review To evaluate evidence and present an objective view on the effect of nitrous oxide on bowel function.
Introduction
Nitrous oxide is still a popular anaesthetic carrier gas. Most anaesthesiologists argue for its continued use because it is cheap and reliable, provides powerful analgesia, decreases the need for maintenance anaesthetics, prevents intraoperative awareness, supplies a predictable dose-response relationship with fast onset and offset due to low blood and tissue solubility, produces sympathetic stimulation that can obscure the cardiac depressant effects of other anaesthetic agents, and is not metabolized [1, 2, 3 ]. (Raeder [1] makes a well presented short summary of why nitrous oxide is still widely used in clinical practice, whilst Hohner and Reiz [2] study the effects that nitrous oxide has on the cardiovascular system.)
With alternative carrier gases available in modern anaesthesia -namely nitrogen or air (not anaesthetic), and xenon (anaesthetic) -the use of nitrous oxide as a carrier gas has been questioned, with the conclusion that its value may have been overestimated [4] .
Indeed, one of the most notable side effects of nitrous oxide is its ability to expand air-filled cavities such as the bowel. This effect was first demonstrated in 1965 by Eger and Saidman [5] using closed segments of dog stomach, ileum, and colon. They measured a 75-100% increase in intestinal gas volume in 2 h and a 100-200% increase in 4 h when 70-80% nitrous oxide was added to the inspired gas mixture. This finding was later confirmed by Steffey and co-workers [6] in dogs and ponies. Intestinal volume expansion caused by nitrous oxide occurs because of its high solubility in biological solvents compared with that of bowel gases such as nitrogen, hydrogen and methane. As a result, nitrous oxide diffuses from the blood into aircontaining closed body cavities more rapidly than nitrogen diffuses out, causing the compliant intestinal space to enlarge and intracavital pressure to rise.
Intestinal volume expansion may impair the regional circulation or the function of the tissues surrounding the cavity. It can potentially decrease contractility and increase risk of leakage and anastomotic breakdown [7] , as well as hinder operating conditions, causing increased risk of combustion with the use of laparoscopic cautery [8, 9] , and eliciting postoperative nausea and vomiting [10] . This review will focus on the effects of nitrous oxide on bowel distension, bowel function, and operating conditions. As the effect of nitrous oxide on postoperative nausea and vomiting (PONV) has been discussed extensively elsewhere [10, 11 ] , it will not be included in this systematic review.
The effects of nitrous oxide on bowel function have been reported in many studies, some of which were relatively small and, thus, underpowered to demonstrate any effect. The purpose of this review is to evaluate evidence and to present an objective and quantitative view on the potential effects of nitrous oxide on bowel function.
Methods
One of the major drawbacks and reasons for the variability of the studies designed to measure the effect of nitrous oxide on bowel distension is their lack of objective criteria on bowel distension. Most of the studies relied on surgeons blinded to the study protocol, rating of bowel distension or operating conditions, as there is no other practical and reliable method to measure bowel distension during surgery. There is no standard scale for bowel distension, so most of the investigators used various three to five-point scales to quantify the quality of distension. Some studies reported girth at the level of umbilicus or the circumference of terminal ileum and colon before induction and at the end of the surgery; yet, these results also showed great variability (Table 1) .
To determine the quantitative effect of nitrous oxide on bowel distension, we conducted a systematic search (MEDLINE and hand searching, bibliographies, all languages, up to July 2005) for randomized, controlled trials measuring the intraoperative effect of nitrous oxide compared with nitrogen or oxygen on bowel function using the following free text and associated MeSH terms: nitrous oxide AND [(bowel distension) OR (bowel function)]. References of trials meeting inclusion criteria were hand searched until no new ones were identified.
Our main outcomes were any bowel distension or unfavourable operating condition events presented in a dichotomous form (i.e. presence or absence of the outcome with or without nitrous oxide use). When the outcome was reported in an ordinal scale (e.g. none, mild, moderate, severe), events (bowel distension and unfavourable operating conditions) were extracted in dichotomous form. These events were analysed separately.
When incidences of bowel distension or unfavourable operating conditions were reported for different time intervals or different intestinal regions (stomach, small bowel or large bowel), we chose to evaluate the last interval (e.g. 75th min instead of 15th min) and large bowel in order to increase the sensitivity of the study. A random effects model was used for the calculation of odds ratio (OR) and the associated 95% confidence intervals (CIs) with nitrous oxide versus nitrogen or oxygen (nonnitrous oxide) (Review Manager 4.2, Cochrane Collaboration, Oxford, UK). When the confidence interval contained 1.0, we assumed that there was no statistically significant difference between the nitrous oxide and nonnitrous oxide groups. Because of the limited sources of data for the effects of nitrous oxide on bowel movement outcomes (flatulence, faeces, first intake of liquids or solids) and hospital stay, these outcomes were evaluated qualitatively.
Results
All studies that discussed the effects of nitrous oxide on bowel functions are presented in Table 1 . Although there were 11 studies discussing the effects of nitrous oxide on bowel functions [7,12-17,18 ,19 ,20,21] , only five of these studies were included in our metaanalyses for bowel distension (Fig. 1 the analysis of unfavourable or hindered operating conditions (Fig. 2) . More than half of the patients included in the bowel distension metaanalysis came from one large trial [18 ] .
The chance of having intraoperative bowel distension was increased in patients receiving nitrous oxide compared with those receiving nitrogen or oxygen as the carrier gas (OR 2.39; 95% CI 1.12-5.09) (Fig. 1) . Because of the significant heterogeneity of these data (P ¼ 0.02), we felt -as previously shown in animals by Eger and Saidman [5] -that the duration of nitrous oxide exposure might be the key factor in this variability. A further evaluation was performed, therefore, concentrating on duration of nitrous oxide exposure with logistic regression analysis weighted by the number of patients per study. This analysis revealed that each additional hour of anaesthesia with nitrous oxide usage was associated with an OR of 2.09 (95% CI 1.27-3.59).
In contrast to bowel distension, surgical operating conditions did not appear to be hindered by the use of nitrous oxide (OR 1.39; 95% CI 0.17-22.60) (Fig. 2) . This data set, however, had far fewer patients (n ¼ 146) than the bowel distension data set (n ¼ 609) and included results from four dissimilar studies (heterogeneity P ¼ 0.004).
Return of bowel function and duration of hospital stay were studied by several investigators [12, 14, 15, 17, 20] .
(The study by Krogh et al. [17] represents the second biggest data set included in our metaanalysis, which contributed to the opinions presented in this review.) Among these studies, only one [14] reported an increased time for return of bowel movement and duration of hospital stay. We cannot generalize these findings, however, since this study was relatively small and underpowered (Table 1) .
Discussion and authors' opinion
Our metaanalysis showed that patients who received nitrous oxide as a carrier gas experienced bowel distension about twice as often as those who received nitrogen or oxygen. Although more than half of these findings came from one of our previously published articles, it appears that nitrous oxide significantly contributes to bowel distension, especially during bowel surgery. Overall, these data suggest that avoiding nitrous oxide administration during prolonged bowel operations will minimize bowel distension and possibly improve surgical conditions.
The most important issue as to whether nitrous oxide diffuses into the intestinal space is obviously time of exposure. In our published trial [18 ] we evaluated bowel distension only at the end of surgery (3-3.5 h exposure). This is one of the longest periods of nitrous oxide exposure among the trials we evaluated. Some of the negative results were observed in shorter procedures [16, 21] and it remains likely that nitrous oxide does not produce clinically important bowel distension in operations of short duration. As a methodological issue, other than Lewis [7] and Boulanger and Hardy [13] , none of the investigators quantified bowel distension by measuring girth or intestinal circumference; instead, the surgeons blinded to the study protocol, usually rated it in terms of the clinically relevant parameter (i.e. the extent to which distension interfered with surgery). Rating bowel distension in such a manner allows the investigator to suggest that it was both statistically and clinically significant.
Although an increase in surgical pain appears to be the logical sequela to bowel distension, this is not a widely recognized consequence of nitrous oxide administration. In our recent study [18 ] , however, we found that nitrous oxide caused a 20-25% increase in postoperative pain scores. In spite of this significant difference in pain scores, however, we did not find a significant difference in analgesic requirements, possibly because all patients received adequate postoperative analgesia and, overall, pain scores were relatively low (35-45 mm on a 100 mm visual analogue scale).
As shown in an earlier study by Scheinin et al. [14] , nitrous oxide prolonged times to flatus, bowel movement, and hospital discharge. This study, however, is very controversial and unfortunately presents a very small set of data. Nonetheless, because their sample size (n ¼ 40) was too small to have enough power to detect such large outcomes, we recently analysed bowel movement and hospital stay outcomes in a much larger patient population (n ¼ 418). We concluded that neither bowel movement nor hospital stay was influenced by nitrous oxide use [20] .
Conclusion
In conclusion, nitrous oxide causes clinically and statistically recognizable bowel distension. This distension, however, does not always exacerbate the surgical conditions nor does it cause a major analgesia problem, since it only slightly increases postoperative pain. Additionally, in our recently completed multicentre outcome trial, we found no evidence that nitrous oxide delays bowel movement or hospital stay [20] . Finally, we recommend that, although no major problems were noted in bowel function, it is best to avoid nitrous oxide administration during prolonged bowel operations.
